The human adenosine A2a receptor (A2aR) tunes its function by forming homooligomers and hetero-oligomers with other GPCRs, but the biophysical characterization of these oligomeric species is limited. Here, we show that upon reconstitution into an optimized mixed micelle system, and purification via an antagonist affinity column, full length A2aR exists as a distribution of oligomers. We isolated the dimer population from the other oligomers via size exclusion chromatography and showed that it is stable upon dilution, thus supporting the hypotheses that the A2aR dimer has a defined structure and function. This study presents a crucial enabling step to a detailed biophysical characterization of A2aR homodimers.
Introduction
G protein-coupled receptors (GPCRs) are integral membrane proteins that trigger highly specific cellular responses to subtle environmental cues 1 . Localized at the cell surface, they are easily accessible to extracellular therapeutics that activate or inhibit associated intracellular reaction cascades, making them ideal pharmaceutical targets 2 . The motivation for this study is rooted in increasing evidence that many GPCRs tune their function by forming homo-or heteromeric oligomer complexes, spurring the development of novel therapeutics tailored to associate with specific oligomers 3, 4 . However, experimental difficulties stemming from low overall abundance 5 , dynamic flexibility 6 , and poor stability in membrane mimetic systems [7] [8] [9] have hindered biophysical insight into the stability and structure-function of membrane protein oligomers, especially that of GPCRs.
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The human adenosine A2a receptor (A2aR) is an excellent candidate for piloting new tools that decipher oligomer structure-function of isolated, reconstituted GPCRs, as it is highly expressed in heterologous microbial systems [10] [11] [12] , forms oligomers in mammalian membranes 13 , and several crystal structures of A2aR variants are available [14] [15] [16] [17] [18] [19] [20] . There is an extensive body of literature motivating the functional relevance of A2a-containing homo-and hetero-dimers, and their role in central nervous system disorders [21] [22] [23] [24] [25] . It has also been suggested that A2aR homodimers 13 or even higher order homo-oligomers 26 are the functional unit at the mammalian plasma membrane and a main component of hetero-oligomer formation [27] [28] [29] . However, the functional significance of A2aR homo-oligomers remains unclear, as the monomeric form is still capable of binding extracellular ligand 16, 30, 31 . Similarly, the monomers of other homo-oligomer forming Class A GPCRs, such as rhodopsin and the β2-adrenergic receptor, are capable of binding ligand and activating their respective G proteins on their own [32] [33] [34] . Therefore, studies of isolated A2aR monomer and oligomers would lend critical insight into the role of self-association.
Even though several crystal structures of A2aR variants are available [14] [15] [16] [17] [18] [19] [20] that provide valuable insight into the ligand binding pocket and putative oligomeric interfaces 19, 35 , each structure provides only a single snapshot of one of several dynamic receptor conformations. It is critical to note that all A2aR crystal structures solved to date are C-terminally truncated variants, with A2aR's unusually long and disordered tail (122 amino acids) removed to facilitate crystallography measurements. However, the C-terminus likely plays an important role in mediating oligomer formation and stability as its presence is known to impact the distribution of monomers and homo-dimers at the cell surface 36 . Reportedly, the C-terminus of A2aR also interacts electrostatically with the third cytoplasmic loop of the dopamine D2 receptor 37 .
Therefore, characterization of the full length, wild-type A2aR is important for the study of any
A2aR containing oligomers. Biophysical techniques such as fluorescence resonance energy transfer (FRET) 38 , surface plasmon resonance (SPR) 39, 40 , and electron paramagnetic resonance (EPR) [41] [42] [43] [44] can complement crystallographic data by providing information about structural dynamics and inter-protomer distances of membrane protein oligomers. These biophysical tools are not principally limited by protein size, or the presence of a disordered protein region, such as the C-terminal tail of A2aR, permitting investigations into the role of such termini in oligomer formation and protein function.
This study presents a strategy to produce, reconstitute, and purify full length human A2aR homo-oligomers for biophysical studies from the yeast Saccharomyces cerevisiae. A2aR homo-dimer is enriched and isolated from the monomer and higher-order oligomeric species via a tandem two-step affinity chromatography approach, followed by size exclusion chromatography (SEC). We find that wild type A2aR distributes into discrete oligomeric states upon purification and micellar reconstitution, of which A2aR homo-dimers, in particular, are a distinct and stable species. We also find that some, but not all, modifications in the C-terminus disrupt the A2aR homo-dimer stability, suggesting that the C-terminus plays an important role in mediating the oligomerization propensity of A2aR. The isolation of stable A2aR dimers is an important first step towards the study of structure-function relationships of A2aR's various oligomeric species.
Materials and Methods

Cloning, Protein Expression and Purification
Full length human adenosine A2a receptor (A2aR) was cloned into an expression cassette containing a GAL1,10 promoter, a synthetic pre-pro leader peptide 45 and a C-terminal 10 histidine tag within the yeast integrating pITy vector 46 , provided by the lab of Anne Robinson at Tulane University. Standard PCR techniques were used to amplify wild type A2a from pcDNA 3.1 + vectors from Missouri S&T cDNA. A mutant receptor containing a C-terminal cysteine to serine (C394S) substitution was created by splice overlap extension (SOE) PCR 47 , with primers reported in Table S1 . Vector constructs containing A2aR were linearized and chemically transformed into S. cerevisiae strain BJ5464 (MATα ura3-52 trp1 leu2∆1 his3∆200 pep4::HIS3 prb1∆1.6R can1 GAL) (provided by the lab of Anne Robinson at Tulane University) using a high efficiency lithium acetate method 48 . Transformants were screened for expression via SDS-PAGE and Western blot analysis described below.
Receptor was purified and solubilized in micelles following previously described protocols 49 . Briefly, 50 mL cultures were grown overnight in YPD (1% yeast extract, 2%
peptone, and 2% dextrose) to at least 10 OD and were induced by centrifuging cells and removing YPD before resuspending cells in YPG medium (1% yeast, 2% peptone, and 2% Dgalactose) at an initial OD of 0.5. A2aR was expressed for 24 hours at 30 °C with shaking at 250 rpm. Cells were harvested by centrifugation at 2,000 x g for 5 minutes, washed in sterile PBS buffer and centrifuged again before storage at -80⁰C until needed for protein preparation. Cells were lysed using mechanical bead lysis carried out with 10 mL 0.5 mm zirconia silica beads (BioSpec, #11079105z), 10 mL of lysis buffer (50mM sodium phosphate, 300 mM sodium
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Methods.
SDS-PAGE and Western Blot Detection of A2aR
Hand-casted 10% SDS-PAGE gels were prepared in BioRad Criterion empty cassettes 
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Ligand Affinity Chromatography Purification of Active A2aR
Ligand affinity media was prepared as previously described to purify active A2aR 11, 50 . In 
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This article is protected by copyright. All rights reserved. To purify active A2aR, the column was equilibrated thoroughly in 4 column volumes of purification buffer containing 50 mM sodium phosphate, 300 mM sodium chloride, (pH = 8),
10% (v/v) glycerol, 0.1% DDM, 0.1% CHAPS, 0.02% CHS. After desalting IMAC-purified receptor, the sample was diluted to 5.5 mL and applied to a 5 mL sample loop on a BioRad
Duoflow FPLC which loaded the sample onto the column at a rate of 0.1 mL/min. Inactive receptor was washed from the column by flowing 10 mL of purification buffer at 0.2 mL/min, followed by 16 mL at 0.4 mL/min. Active receptor was eluted from the column by switching to purification buffer containing 20 mM of low affinity (K d = 1.6 µM) antagonist theophylline (Sigma, # T1633). Western blot analysis of 4 mL fractions indicated that a majority of A2aR was active, and typically eluted in the first 4 to 6 elution fractions. These 4 mL fractions were then pooled, concentrated through a 30 kDa molecular weight cutoff centrifugal filter (Millipore, # UFC803096) and passed through a PD-10 desalting column to remove the theophylline prior to size exclusion chromatography.
Size Exclusion Chromatography
Oligomeric species of solubilized A2aR were separated by injecting 250 µL samples onto a prepacked Tricorn Superdex 200 10/300 GL column (GE Healthcare) connected to a BioRad Duoflow FPLC, and 0.5 mL fractions were collected with a BioFrac fraction collector. Prior to injecting samples, the column was fully equilibrated with at least 60 mL of running buffer (150mM sodium chloride, 50 mM sodium phosphate, 10% glycerol, 0.1% DDM, 0.1% CHAPS,
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Equation 1
In Equation 1, the difference in signal between the eluting sample and the running buffer from the light scattering detector (∆LS), the ultraviolet absorbance (280 nm) detector (∆UV), differential refractive index (∆RI) are measured, K is a constant, and ε 280, protein =1183.5 mL*g -1 *cm -1 is the mass extinction coefficient of A2aR, estimated by the protein primary sequence.
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Due to the required use of centrifugal concentration to concentrate A2aR, the mixed micelle solution in these samples contained CHAPS and CHS in sufficient quantities to warrant absorbance at 280 nm. However, this excess of detergent (e.g. empty micelles) eluted separately from protein-containing micelles ( Figure S1 ) and thus a molar extinction coefficient of the detergent modifier was assumed to be zero for protein-containing absorbance peaks. Similar assumptions have been made previously for mixed micelles containing the same detergent components at different ratios 52 . The change in refractive index at 658 nm as a function of concentration (dn/dc) of A2aR was assumed to be 0.185 mL/g, a "consensus value" for protein dn/dc that is independent of amino acid composition 53 and of the mixed micelle solution was estimated to be 0.183, based on calculation of the correct molecular weight (39.8 kDa) 54 over the elution peak of empty micelles ( Figure S2 ).
Results and Discussion
Purified A2aR Distributes into a Mixture of Putative Oligomer Species
Full length A2a with a C-terminal 10 histidine tag (A2aR) was overexpressed in S.
cerevisiae and purified using a combination of immobilized nickel metal affinity (IMAC) and a custom synthesized ligand affinity column, as illustrated in Figure 1 . The C-terminus of A2aR is susceptible to proteolytic cleavage 50 , and as such IMAC purification via the 10 histidine tag resulted in purification of both full length A2aR and C-terminal fragments. A custom ligand affinity column (described in Materials and Methods) was implemented to remove any Cterminal cleavage products and purify only full length, "active" A2aR from this IMAC eluted mixture. Here, we have described "active" receptor as properly folded A2aR capable of binding to the high affinity xanthine amine congener (XAC) antagonist affixed to resin. Previously, an
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optimized mixed micelle composition for the stabilization of active A2aR was determined to contain DDM, CHAPS, and CHS at a mass ratio of CHAPS and CHS to all surfactant (δ) of 0.55 8 . Small angle neutron scattering (SANS) measurements determined that this particular micelle composition provides a micelle thickness approximately the same as that of a lipid bilayer, while also demonstrating that micelle geometry is not the only factor in GPCR stabilization, but cholesterol content also influences A2aR activity in vitro 54 . Ligand affinity purification of A2aR confirmed that the majority of A2aR purified with this mixed micelle system was "active", as determined by Western blot analysis of fractions eluted from the ligand affinity column in Figure 2 . As indicated in Figure 2A , both a putative monomer and a putative dimer band were observed in the elution fractions containing a high excess of theophylline (20mM), suggesting a mixture of oligomeric populations resulting from yeast membrane solubilization. Interestingly, when a mutant receptor substituting the lone C-terminal cysteine with a serine (C394S) was purified by ligand affinity ( Figure 2B ) two notable differences from the wild type receptor arose: 1) while ~80% of C394S A2aR eluted as active receptor, there was a notable increase in the amount of protein that eluted as inactive receptor, and 2) C394S A2aR ran primarily as monomer on SDS-PAGE, suggesting that the dimer forming propensity or stability is reduced by the C394S modification.
Still, it is difficult to determine the oligomeric content from this observation alone, as SDS-PAGE is capable of breaking apart weakly associated oligomers, and the amount of detergent bound to membrane proteins influences their migration through acrylamide gels 55 .
However, from this analysis we hypothesized that A2aR eluted from the ligand affinity column constituted a mixture of oligomeric species, and the stability of the dimer species is weakened by the substitution of the C-terminal cysteine. It is also possible that ligand binding alters the
This article is protected by copyright. All rights reserved. clusters, yet does not affect the degree of dimerization 13 . However a later study indicated that the same agonist increases A2a homodimerization, while antagonists caffeine and SCH58261 reduce the population of homodimers 56 . In either case, size exclusion chromatography was employed to more directly query the population and distribution of oligomeric states in mixed micelles, as well as to assess any relative impact from antagonist binding.
Size Exclusion Chromatography Estimates Purified A2aR Oligomeric States
Size exclusion chromatography (SEC) was applied to A2aR eluted from the antagonist affinity column to identify and separate oligomeric states that are stabilized by this protein detergent complex. Fractions of ligand-purified A2aR were concentrated and applied to a desalting column to remove theophylline before application to a Superdex 200 10/300 GL column to separate the various oligomer species present. For the wild type A2aR, three oligomer species were consistently observed, as well as a fourth peak that corresponded to empty micelles, as illustrated in Figure 3A . A higher order, possibly aggregated, oligomeric state was observed to elute first. The relative quantity of this aggregate species compared to other oligomeric states varied from preparation to preparation, as shown in supplementary Figure S3 . However, experimental evidence indicates that this high molecular weight population is not exclusively misfolded, or merely a product of centrifugal concentration, as it was present in sample directly taken from ligand affinity column elution without any concentration or desalting steps ( Figure   S4 ).
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Distinct dimer and monomer species were not only observed for the wild type receptor, but were clearly separated via size exclusion, indicating that structural and functional studies on specific oligomeric states are possible in micelles ( Figure 3A ). However, purification by SEC dilutes protein sample below the threshold concentration necessary to perform many biophysical analyses (50-100 µM), and further concentration of these samples is likely needed. As such, the effect of centrifugal concentration on the dimer state was explored as described below. The SEC purification of active C394S A2aR revealed that the primary eluting species was a monomer population ( Figure 3B ). The difference in oligomer species observed for wild type and C394S
A2a indicates a possible dimer stabilizing effect of the C394 residue by disulfide bond formation in vitro. Incubation of both wild type and C394S A2aR with 5 mM DTT revealed a higher molecular weight shift of the dimer species observed on SDS-PAGE compared with non-reduced samples ( Figure S5 ). It is also important to note that this observed shift in molecular weight could be attributed to the breakage of four functionally important disulfide bonds between cysteines in the extracellular loops of A2aR 49, 57, 58 .
To further investigate the role of C394 in A2aR oligomerization in vitro, we investigated the effect of modifying the thiol on C394 without performing mutagenesis by attaching a paramagnetic spin label to the free cysteine. Such modification resulted in an SEC elution profile exhibiting the same oligomer species as unmodified wild type A2aR. Electron paramagnetic resonance (EPR) measurements displayed a significantly increased spin concentration per protein for wild type A2aR compared to C394S A2aR and distinct differences in their spectral lineshape, as discussed further in Supplemental Methods, Figure S7 . Moreover, the EPR spectral lineshape of spin labeled wild type A2aR is characteristic of that of spin labels tethered to a solventexposed site, in contrast to the much more immobile features seen with spin labeled C394S
A2aR. This result strongly suggests that the dimer species observed in wild type A2aR is not an artefact of an artificial disulfide bond forming between C394 residues of nearby A2aR monomers, in which case the intensity and lineshape of spin labeled wild type A2aR and of C394S A2aR should have been comparable, as the majority of MTSL label detected would be bound to more constrained cysteine residues within the TM domains. The observation that a C394S A2aR binds less efficiently to the antagonist affinity column, together with the decreased dimer stability, implies that the specific C394 residue is somehow critical in stabilizing oligomers. This motivates further in vitro studies to unravel the underlying molecular and structural basis of this finding.
The chromatogram peak identified as "empty micelles" was verified by preparing sample of the same buffer containing the mixed micelle components lacking protein, and applying the same centrifugal concentration and desalting procedures to these mock prepared samples; a peak of similar intensity was observed in the same location for each SEC chromatogram ( Figure S1 ).
Unfortunately, the simultaneous concentration of detergent micelles during centrifugal concentration of membrane proteins is unavoidable, and is a common drawback in membrane protein purification. Thus, such trial-to-trial uncertainty is common and can lead to irreproducible measurements if subsequent analytical methods are sensitive to solvent composition 59 . Nevertheless, here we have shown that for A2aR reconstituted in mixed micelles, any excess empty micelles can be separated from A2aR-containing oligomeric species; this introduces a point of control for downstream characterization, especially for biophysical methods hampered by excess detergent micelles.
Surfactant binds to solubilized receptors and affects both the apparent molecular weight of the species (mass) and the receptor's hydrodynamic radius (size), thereby negating the ability to estimate accurate molecular weights of eluting species by comparing to SEC standards. We therefore employed multi-angle light scattering (MALS) to estimate molecular weights of the separated wild type species. SEC coupled to MALS is a powerful technique to measure the amount of light scattered by molecules eluting from a size exclusion column. By coupling concentration measurements from UV and refractive index detectors, the molecular weight of a protein (oligomer) in a PDC can be determined. SEC-MALS analyses of wild type A2aR ( Figure   4 ) purified by ligand affinity chromatography determined the approximate molecular weights of the putative monomer and dimer to be 49.5 kDa and 109.2 kDa, respectively, and 332.3 kDa for the higher order oligomer species (Table 1) . These calculations compare well with the expected molecular weight of A2aR monomer (46.8 kDa), dimer (93.6 kDa) and a heptamer higher-order species (327.6 kDa). No previous literature has directly indicated a functionally relevant A2aR
heptamer, however its presence in active wild type A2aR sample that was not subjected to any concentration or desalting steps indicates that it can be stabilized and is worthwhile for future investigations. Recent findings in neuronal tissues suggest that A2aR forms higher order oligomers, further motivating these studies 26 . However, biophysical tools to characterize such higher order oligomerization are rare and difficult to implement 60 .
A2aR Dimer is Stable upon Dilution
To assess the stability of A2aR oligomers and concentration dependence, purified dimers were re-analyzed on an SEC column to assess their potential for re-distribution into multiple oligomer states. Protein oligomers in vitro are often thought to be in equilibrium with the
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monomer or other oligomer states, as their distribution frequently depends on a range factors including protein concentration, protein stability, lipid/membrane environment, detergent concentration, and the strength of the oligomer interaction. 61 While SEC can achieve separation of oligomers, if the oligomeric state is strongly dependent on the protein concentration, a thermodynamic equilibrium may favor a redistribution of an isolated oligomer species into a mixed population of oligomers before further studies can be performed. Here, we found that heavily diluted dimer (20x) from SEC elution remained a dimer, with little to no redistribution into other oligomeric states ( Figure 5 , Dimer (b)). Additionally, when multiple dimer fractions were pooled and concentrated using a centrifugal concentrator (30 kDa MW cutoff) to a volume ~1/3 of the initial sample volume, the majority of the protein (~86%) remained a dimer as estimated by integration of the UV absorbance trace over the protein containing peaks. However, a small amount of higher order oligomer/aggregate was also enriched during concentration, amounting to ~14% of the total eluted protein in this sample, consistent with higher-order oligomer enrichment during centrifugal concentration. Additionally, an "empty micelle" peak appeared upon concentration of dimer, which is consistent with previous observations. This increase in surfactant concentration during the centrifugal protein concentration step is a feature that hampers all structural studies of membrane proteins solubilized in detergent micelles. 62 However, by carrying out all downstream experiments on samples of equal volume, better control of surfactant concentration can be achieved. Our results demonstrate that the wild type A2aR dimer is stable for at least 3 days after being separated from other oligomer species, independent of detergent and protein concentration, which provides sufficient time for further downstream analyses. This implies that dimer formation is a protein-intrinsic property of A2aR, not a property imposed by the solution environment. This information is especially valuable for
studies that seek to characterize the structure and dynamics of the dimer interface. Of the twelve crystal structures, only one has captured a possible oligomer interface 19 , which does not agree with previous attempts to elucidate the A2a dimer structure 35, 63, 64 ; thus, further experiments are necessary to determine whether this is a physiologically relevant interface or a product of thermostabilizing mutations and non-native crystallization conditions.
Conclusions
We have shown that the full length, wild type adenosine A2aR forms multiple distinct oligomer species in an optimized mixed micelle system, and that these oligomers can be separated from each other by size exclusion chromatography in preparation for biophysical characterization. Although difficult to work with, owing to its long and unstable C-terminus, our analysis of solubilized A2aR infers that the receptor adopts multiple, stable oligomer species in contrast to other structural studies of A2aR 30 . The C-terminal cysteine (C394) appears to promote dimer stabilization of A2aR in vitro, without which most purified A2aR in this system exists as monomer in mixed micelles, a feature which can be exploited to control oligomer state for biophysical study. Furthermore, we present evidence that the wild type dimer is not artificially crosslinked by neighboring C394 residues, as "blocking" of the free thiol with a paramagnetic spin label results in SEC separation of the same oligomer populations as an unmodified receptor. EPR spectral lineshape analysis of the spin labeled wild type A2aR moreover demonstrates that a significant fraction of C394 is available for spin labeling and is solvent-exposed. This suggests that it is obligatory to study the full length A2aR with the intact C-terminus in order to investigate the structure-function relationship of A2aR oligomerization.
To develop novel therapeutics that target A2a homodimers, the task remains to link structural
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features of these multimers to receptor function and signaling 65 can be extended to include hetero-oligomers or higher order homo oligomers of A2aR.
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This article is protected by copyright. All rights reserved. A2aR from an antagonist affinity column. Each lane represents sample taken from 4 milliliter elution fractions collected. "Inactive" indicates receptor that does not bind to the column and elutes in the flow through. "Active" designates A2aR that associates with antagonist on the column, which is eluted when a high excess (20 mM) of low affinity theophylline supplemented to the column. Negative control (-) consists of 5 OD cell lysate of BJ5464 not expressing A2aR. Positive control ((+) ctl) consists of 5 OD cell lysate of BJ5464 after 24 hours of expression in YPG medium. IMAC indicates a semi-purified A2aR sample that has been eluted from Ni-NTA resin. A2aR was detected using primary antibody anti-A2a antibody (sc32261) and secondary
